A mesoporous nanocrystalline TiO 2 film was prepared on a transparent conductive polymer (ITO/PEN, PEN = poly ethylene naphthalene-2, 6-dicarboxylate) through a doctor-blade method and then treated by static mechanical compression for enhancing the particles connection. Effect of TiO 2 loading and dye sensitizing condition on the photovoltaic performance were first investigated with N719 sensitizer in combination with TiO 2 solidified quasi-solid electrolyte. A solar cell with platinum-coated FTO glass counter electrode and ITO/PEN photoelectrode, prepared by an ethanol based binder-free TiO 2 paste composed of a mixture of P25 (21nm, 25% rutile and 75% anatase) and 100 nm anatase TiO 2 particles, yielded highest conversion efficiencies of 6.53% under 1 sun illumination.
Introduction
Dye-sensitized solar cells (DSCs) have attracted much attention since they were developed by Grätzel in 1980s [1] because of their low-cost, relatively easy fabrication and high conversion efficiency of solar energy into electrical energy [2] [3] [4] . Flexible DSCs, based on the substrates of indium tin oxide (ITO) coated plastic or metal foil, substituting for rigid glass substrates, are regarded as one possible breakthrough in the field of DSC regarding their commercialization, because flexible. DSCs have presented great advantages of low cost roll-to-roll type manufacturing and wide application. Several flexible substrates such as ITO-coated polyethylene terephthalate (ITO/PET), ITO-coated polyethylene naphthalate (ITO/PEN), Ti-metal sheets and stainless steel sheets have been investigated [5] . The highest light to electricity conversion efficiency obtained with plastic and metal substrates are 7-9%, which are comparable to the efficiencies of glass substrates [5, 6] .
The fabrication of TiO 2 photoelectrodes on glass substrates requires addition of binder in the TiO 2 paste to reach proper viscosity. The TiO 2 films deposited by blade coating or screen-printing are annealed at high temperatures of 450 C for 30 min. This sintering step removes the binder and solvent, giving rise to an electrically-connected network of TiO 2 particles. However, with plastic electrode, the thermal treatment is limited to 150 C, because the plastics undergo thermal degradation above this temperature. As a consequence, TiO 2 film deposition on ITO-PET or ITO-PEN at 150 C results in poor adhesion and reduced electrical contact between the particles and low dye adsorption. Another issue is that the low annealing temperature precludes the total elimination of organic residues from the surfactants commonly used in TiO 2 suspensions [7] [8] [9] .
In this study, a mesoporous nanocrystalline TiO 2 film was prepared on ITO/PEN by blade coating of an ethanol based binder-free TiO 2 paste composed of a mixture of P25 (21nm, Degussa) and 100 nm anatase TiO 2 particles. Static mechanical compression was applied as post-treatment for enhancing the particle connection. Effect of TiO 2 loading and dye immersion condition on the photovoltaic performance were first investigated with N719 sensitizer in combination with a nanoparticles solidified quasi-solid electrolyte. These efforts may be promising for the commercial application of flexible DSCs in the future.
DSC device fabrication and analysis methods

Preparation of plastic substrate photoelectrodes
The plastic substrates ITO/PEN (15 / , film thickness 200 m, Peccell Technologies, Inc.) was first cleaned by a neutral detergent (Merck Ltd.) then washed with deionized water and ethanol. The substrate was then dried with nitrogen. Low-temperature TiO 2 paste is characterized as paste B: P25 (21nm, 25% rutile and 75% anatase) and 100 nm anatase. These P25 and 100 nm TiO 2 nanoparticles were mixed in a weight ratio of 7:3 in a mixed solution without additives. The low-temperature TiO 2 paste was stirred for several hours before using. The paste was coated onto the ITO/PEN film by the doctor blading with different slit widths. The slit width used in this study varied from 120 m to 240 m. After air-drying at room temperature, the TiO 2 photoelectrodes were cut into desired shapes and then applied the compression method by the hydraulic press (Panchum scientific corp.) at room temperature. The press pressure varies from 50Mpa to 80Mpa in this study.
Preparation of the electrolytes
The composition of the liquid electrolyte was optimized previously; it was composed of 0.8M DMPII, 0.05M I 2 , 0.05M LiI, 0.5M 4-tert-butyl-pyridine (TBP) and 0.1M guanidinium thiocyanate (GuSCN). The quasi-solid state electrolyte based on the optimized liquid electrolyte solidifying with 17 wt% TiO 2 nanoparticles was chosen for the flexible dye-sensitized solar cells due to its outstanding performance in our previous study.
Device fabrication
The pressed TiO 2 photoelectrodes were then immersed into a dye solution of 300 M cis-dithiocyanate-N,N'-bis-(4-carboxylate-4-tetrabutylammonium carboxylate-2,2-bipyridine) (N719) in acetonitrile and t-butanol (volume ratio 1:1) for different duration varying from 20 minutes to 12 hours at 40 o C. The film thickness was measured with a nanometer resolution profilometer. The flexible photoelectrodes were heat treated at 115 o C for 5 minutes before dye-sensitization for removing the residual moisture. The photoelectrode was then assembled with platinized counter electrode which was prepared by the sintering process of the H 2 PtCl 6 solution at 450 o C for 20 minutes on FTO. The electrodes were separated by a 25 μm thick hot-melt Surlyn polymer film and sealed up by heating. The electrolytes were injected into the internal space of the cell through the hole made on the counter electrode, and the hole was sealed by a commercial tape (3M). The electrolyte-injecting hole was made by a sand-blasting drill on the counter electrode glass substrate. A colloidal silver liquid (TED PELLA, INC.) was also spread on the edge of the cell to enhance the conductivity.
Device analysis methods
AM 1.5 sunlight illumination (Yamashita Denso,Model YSS-80) with 100mW/cm 2 light output was employed as the light source, and a current/voltage source meter (Keithley Model 2420) was employed to measure the current and voltage obtained from a 0.283 cm 2 illuminating area. The incident photon-tocurrent conversion efficiency (IPCE) was measured as a function of wavelength from 300 to 1000 nm by using a model QEX7 system (PV Measurements, Inc.).
Results and discussion
Optimization of TiO 2 film thickness and dye sensitizing condition
Because of the thermal degradation at high temperature, the fabrication of plastic electrode is limited to 150 o C. Low annealing temperature of TiO 2 photoelectrodes preclude the total elimination of organic residues from the surfactants commonly used in TiO 2 pastes. Here, a mesoporous nanocrystalline TiO 2 film was prepared on ITO/PEN by blade coating of an ethanol based binder-free TiO 2 paste composed of a mixture of P25 (21nm, Degussa) and 100 nm anatase TiO 2 particles. Figure 1(a) showed the photovoltaic performances of flexible DSCs based on TiO 2 photoelectrodes (7μm) under different compressed pressures with N719 sensitizer in combination with a hydrophilic P25 nanoparticles solidified quasi-solid electrolyte. The wet thickness of 180μm and 240μm TiO 2 films corresponds to a dry thickness about 7μm and 15μm, respectively. The result shows a best photovoltaic performance at the TiO 2 wet film thickness 180μm which corresponds to the dry film thickness of 7μm. And a dramatic drop of efficiency at the TiO 2 wet film thickness 240μm which corresponds to the dry film thickness of 15μm. It suggested that thicker TiO 2 film adsorbed more amount of dye than thinner one. Nevertheless, when the TiO 2 film thickness exceeds the electron diffusion length in the TiO 2 layer, the photocurrent will decrease quickly. As a result, the light to electricity conversion efficiency drops dramatically at the TiO 2 dry film thickness 15μm. From the above results, the TiO 2 film thickness of 7μm was chosen for the flexible photoelectrode. Due to the shorter electron diffusion length in plastic substrates, the optimized thicknesses of TiO 2 photoelectrodes on plastic substrates are much thinner than that on the glass substrates. Figure 1 (b) indicated that the effect of dye sensitizing condition of TiO 2 film on the device performance. The result showed that the best photovoltaic performance was obtained as TiO 2 film sensitized for 1 hour at 40 o C. 
Application of mechanical compression on ITO-PEN photoelectrodes
From previous results, the optimized film thickness and dye sensitization condition were 7 m (180 m of wet thickness) and 1 hour dye sensitization at 40 o C. The mechanical compression was performed on ITO-PEN photoelectrodes by a hydraulic press machine for enhancing the TiO 2 particles connection. The relationship between applied pressure and photovoltaic performance in flexible DSCs was presented in Fig. 2(a) . The result revealed a steady increase of J SC and from 0 MPa to 80 MPa. Table  1 summarized the photovoltaic performance parameters before and after mechanical compression on plastic photoelectrodes. The I-V characteristics of plastic DSCs were shown in Fig. 2(b) The increase of light to electricity conversion efficiency could be attributed to the increase of short circuit current (Jsc). Figure 3 showed the SEM micrographs of flexible TiO 2 photoelectrodes before and after 80 MPa compression treatments. The SEM micrographs showed that the interconnection of TiO 2 nanoparticles was highly strengthened after mechanical compression. It suggested that the improved interconnection between TiO 2 nanoparticles facilitate the electron transfer in TiO 2 films and also increased the electron collection efficiency ( COL ). The IPCE spectra (Fig. 4) revealed the improvement of electron transfer in photoelectrodes.
. 
Effect of light-scattering particles in TiO 2 photoelectrodes on the performance of ITO-PEN DSCs
It is known that the absorption length can be further reduced by exploiting light localization and optical enhancement effects. For example, incorporating 100-400-nm-sized anatase particles enhances significantly the absorption of red or near-infrared photons by the film. In this study, the light confinement effect was also investigated in plastic substrate DSCs by mixing large-sized light scattering nanoparticles (MKN-TiO 2 -A100, 100nm, anatase) with small-sized nanoparticles (P25, 21nm, 75% anatase and 25% rutile) to form paste B. Fig. 5 showed the photovoltaic performance of flexible DSCs based on TiO 2 photoelectrodes prepared by pastes with and without light-scattering particles addition. It's significant that the light confinement effect results in a higher short circuit current density (J SC ) and efficiency in paste with 100nm light-scattering particles addition (paste B). A solar cell with platinum-coated FTO glass counter electrode and ITO/PEN photoelectrode, prepared by an ethanol based binder-free TiO 2 paste composed of a mixture of P25 (21nm, 25% rutile and 75% anatase) and 100 nm anatase TiO 2 particles, yielded highest conversion efficiencies of 6.53% under 1 sun illumination. (Table  2 
Conclusions
In this study, a mesoporous nanocrystalline TiO 2 film was prepared on ITO/PEN by blade coating of an ethanol based binder-free TiO 2 paste composed of a mixture of P25 (21nm, Degussa) and 100 nm anatase TiO 2 particles. The TiO 2 film thickness of 7μm was chosen for the flexible photoelectrode due to the shorter electron diffusion length in plastic substrates. And the best dye sensitizing condition of TiO 2 film was obtained for 1 hour at 40 o C. The mechanical compression was then performed on ITO-PEN photoelectrodes by a hydraulic press machine for enhancing the TiO 2 particles connection. The SEM micrographs showed that the interconnection of TiO 2 nanoparticles was highly strengthened after mechanical compression. It suggested that the improved interconnection between TiO 2 nanoparticles facilitate the electron transfer in TiO 2 films and also increased the electron collection efficiency ( COL ). A solar cell with platinum-coated FTO glass counter electrode and ITO/PEN photoelectrode, prepared by an ethanol based binder-free TiO 2 paste composed of a mixture of P25 (21nm, 25% rutile and 75% anatase) and 100 nm anatase TiO 2 particles, yielded highest conversion efficiencies of 6.53% under 1 sun illumination.
